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Abstract 
Ni/Cu plated front contacts are applied to large-area hybrid silicon heterojunction (SHJ) solar cells consisting of a diffused front 
surface field and intrinsic and boron doped a-Si:H(i/p+) layers forming the rear SHJ emitter. Nickel silicide front contacts are 
formed by excimer laser annealing (ELA) which unlike rapid thermal annealing (RTA) is shown to be compatible with a rear 
SHJ emitter. A top efficiency of 20.1% (externally confirmed at FhG-ISE CalLab), with jsc=39.0 mA/cm2, Voc=675.1mV, and 
FF=76.5% is obtained on 15.6x15.6 cm2 n-type Cz-Si in a first trial and this without compromising solder tab adhesion results at 
the front side. Limitations arising from series resistance at the rear side and from recombination at the front side are discussed.  
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1. Introduction 
Silicon heterojunction (SHJ) solar cells based on an n-type crystalline c-Si(n) wafer and intrinsic (i) and doped 
(n+/p+) hydrogenated amorphous silicon layers (a-Si:H) on both sides are attracting significant interest owing to their 
ability to enable open-circuit voltage (Voc) values well beyond 700 mV without expensive patterning techniques [1]. 
However, SHJ solar cells suffer from parasitic absorption in the a-Si:H layers and transparent conductive oxide 
(TCO), particularly at the illuminated side [2]. Wider bandgap window layers such as amorphous silicon oxide could 
be used to reduce parasitic absorption in the blue [3]. Recently, significant gains in short-circuit current density (jsc) 
were reported as well when replacing the boron-doped a-Si:H films with wide-bandgap MoOx, acting as an efficient 
hole collector [4]. Despite the gains in jsc while preserving the Voc, these approaches lead so far to lower fill factors 
(FF) and are still limited by parasitic absorption in the front TCO. To circumvent this issue, intrinsic and boron 
doped a-Si:H(i/p+) layers forming the SHJ emitter can be deposited at the rear side, while the front of the cell can be 
designed for low parasitic losses in the blue. For this, an optically-transparent front surface field (FSF) can be 
formed at the illuminated side either by field-effect passivation [5] or by diffusion [6,7]. Using the latter approach, in 
so-called hybrid SHJ solar cells, energy conversion efficiencies up to 22.8% were reported [7]. Such high 
efficiencies were obtained on small area (4 cm2) FZ-Si(n) wafers, with evaporated Ti/Pd/Ag front contacts defined 
by photolithography and thickened by Ag plating, and with the rear surface being mirror polished as to avoid j sc 
losses due to absorption by surface-plasmon-polaritons excited on rough Ag surfaces [8]. Motivated by these results, 
we evaluate in this article the potential of hybrid SHJ solar cells on commercial (15.6x15.6 cm2) n-type Cz-Si wafers 
using fully industry-compatible processes. 
Rough (i.e. chemically polished or textured) rear surfaces may be used provided a thick and infra-red (IR) 
transparent TCO layer is inserted between the SHJ rear emitter and the rear Ag electrode to avoid parasitic 
absorption losses in the red part of the spectrum [9]. Narrow self-aligned front contacts can be defined using a 
sequence consisting of: (i) laser ablation of the front anti-reflective coating(s) (ARC), (ii) consecutive Ni/Cu/Ag 
plating steps, and (iii) rapid thermal annealing (RTA) in the range of 250 to 450˚C to form nickel silicides [10-13]. 
In this sequence, Ni serves both as contact to Si and barrier against Cu diffusion into Si, Cu is chosen for being 
>100x cheaper per kg than Ag while having similar conductivity, the Ag capping layer is deposited by immersion 
leading to a thin (<150 nm) and dense layer, and nickel silicide formation is required to reduce contact resistance and 
ensure sufficient adhesion to Si. However, degradation of the SHJ emitter is well-known to occur for annealing 
temperatures >200˚C [14]. These conflicting processing issues may be circumvented by excimer laser annealing 
(ELA), offering an alternative route for the formation of nickel silicide (NiSix) contacts after Ni deposition [15]. 
Since excimer laser light (λ=308 nm) is absorbed in the near-surface region, the opposite side of the wafer is not 
heated as already evidenced in specific integrated circuits (IC) applications [16]. Thus, in principle no degradation of 
the SHJ rear emitter should occur during front contact NiSix formation by ELA. This is shown in this paper by 
fabricating hybrid SHJ solar cells (see Figure 1a) on 15.6x15.6 cm2 n-type Cz-Si and comparing both ELA and RTA 
methods. Limitations arising from series resistance at the rear side and from front recombination are also discussed. 
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Fig. 1. (a) Cross-sectional schematic n-type hybrid silicon heterojunction (SHJ) solar cells; (b) cross-sectional schematic for n-type passivated 
and rear totally diffused (n-PERT) solar cells [12]; (c) process sequence for n-type hybrid SHJ cells; (d) process sequence for n-PERT cells [12]. 
For both sequences, wet-chemical cleaning steps performed prior to high temperature steps (diffusions, oxidations) are not shown.  
2.  Experimental 
Hybrid SHJ solar cells fabricated in this work were obtained after making several adaptations to the processing 
sequence of rear emitter n-type “passivated and rear totally diffused” (n-PERT) solar cells presented in [12]. Overall, 
these adaptations resulted in a processing sequence for hybrid SHJ cells with fewer processing steps as compared to 
the one for rear emitter n-PERT cells (compare Figure 1c and Figure 1d). This makes hybrid SHJ cells potentially 
more attractive than rear-emitter n-PERT cells if comparable or higher efficiencies can be demonstrated.    
Higher resistivity Cz-Si wafers (3-5 Ω.cm instead of 1-2 Ω.cm) were used in hybrid SHJ cells to benefit from a 
more effective n+/n front surface field (FSF) [17]. The wafers were saw damage removed (SDR) and random 
pyramid textured on both sides using alkaline-based solutions. To evaluate the impact of rear surface morphology, 
one group of wafers received an additional rear-polishing step (not shown in Figure 1c) in an inline tool which 
removed ~12 μm of Si. The FSF formation comprising of wet-chemical cleaning, POCl3 diffusion, single side rear 
FSF removal in an inline tool, and thermal oxidation was adapted to achieve lower front contact resistance values 
without compromising junction recombination [11]. This is indicated in Figure 1 by diffusion/oxidation steps “A” 
for the n-PERT cells and “B” for the hybrid SHJ cells. Subsequently, the front SiNx:H ARC was deposited by 
plasma enhanced chemical vapor deposition (PECVD) and the rear thermal oxide (SiO2) was removed by dipping 
the substrates in a diluted HF solution. Immediately afterwards, intrinsic and doped a-Si:H(i/p+) layers, forming the 
SHJ rear emitter, were deposited by PECVD (KAI-M, TEL Solar; parallel-plate reactor operated at 40.68MHz). 
PECVD deposition times were adapted in accordance with rear surface morphology. More details regarding the a-
Si:H depositions can be found elsewhere [18]. This was followed by indium tin oxide (ITO) and Ag rear side 
depositions in a magnetron reactive ion sputtering tool (MRC 603) operated in DC mode. For all wafers, a 3-busbars 
H-pattern was defined in the front ARC using picosecond UV (λ=355 nm) laser ablation. The pitch between front 
fingers was identical to the one previously used in rear emitter n-PERT cells [12]. Finally, the wafers were divided 
into two groups: A) NiSix formation by RTA, and B) NiSix formation by ELA. For both groups, no specific 
annealing was performed to recover potential damage occurring during ITO/Ag sputtering [19]. Wafers from group 
A were directly Ni/Cu/Ag plated in an inline tool (MECO DPL) and RTA (250°C<T<450°C) was performed in a 
belt furnace under nitrogen (BTU VMCA). Wafers from group B received an adapted Ni recipe (Ni<200 nm) in the 
MECO tool, were excimer-laser annealed (EXCICO LTA series) at the front side, and were Ni/Cu/Ag plated with 
the same recipe used for cells of group A in order to give comparable finger widths. It should be noticed that since 
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ELA is performed directly after Ni plating, tin (Sn, melting point ~230°C) could be chosen for cost-reasons as 
capping layer (i.e. Ni/Cu/Sn) whereas this choice is not available for cells from group A because Sn would melt 
during the RTA step performed at the end. More details regarding excimer laser annealing are given elsewhere [15]. 
The finished cells were characterized using light current–voltage (I–V) (WXS-200S-20, Wacom ElectricCo. 
Saitama, Japan; AM1.5g) and spectral response measurements (IQE-SCAN, PV-tools, Hameln, Germany; 4 cm2 
spot size). Pseudo fill factor (pFF) and series resistance (rs) were extracted from two light level I-V measurements 
[20]. Individual series resistance contributions were calculated, according to [21], from busbar-to-busbar finger 
resistance (Rbb), sheet resistance (Rsh), and specific contact resistance measurements. For the latter, finished devices 
were laser-diced into strips forming transfer length method (TLM) test structures [22]. Note that for cells from group 
A, the above mentioned set of characterizations was performed before and after RTA whereas cells from group B 
were only characterized at the end (i.e. after Ni/Cu/Ag plating). For solder tab adhesion results, conventional tinned 
(Sn62Ag36Pb2) copper ribbons from Ulbrich (70-90 N/mm2 yield strength) were spot soldered by hand on busbars 
regions, pulled at 45° angle, and the maximum force (in N/mm) required to break each solder joint was recorded. 
Individual dark saturation current density contributions were quantified using quasi-steady-state photoconductance-
calibrated photoluminescence measurements (QSSPC-PL) (BTImaging, Surry Hills, NSW, Australia) on dedicated, 
co-processed, test wafers. Dedicated test structures were also fabricated to evaluate the influence of RTA on both 
light trapping and series resistance (see section 3.2).  
3. Results and discussions 
3.1. Solar cells results 
From the results presented in Table 1, we see that RTA degrades all cell parameters. This supports the fact that 
hybrid SHJ solar cells are not compatible with RTA temperatures (250°C<T<450°C) required for NiSix formation at 
the front side. Following RTA, jsc values went from 39.0±0.2 mA/cm2 down to 38.2±0.2 mA/cm2. Total 
photocurrents [determined by integrating external quantum efficiencies (EQE) curves (see Figure 2a) over the 
AM1.5g spectrum] were 38.9 mA/cm2 vs. 38.3 mA/cm2, considering the additional 1.9% shadowing loss coming 
from busbars. The drop in EQE upon RTA is largely dictated by a drop in internal backside reflectance (Rb) 
(extracted using the method proposed in [23]) from 91.9% before RTA down to 84.7% after RTA which we attribute 
to increased free carrier absorption (FCA) in the rear a-Si(i/p+)/ITO stacks (see section 3.2 below). RTA also 
resulted in a FF reduction by 4%abs. owing to both a drastic increase in rs (~0.6 Ω.cm2 higher) and a slight decrease in 
pFF (~1.3%abs. lower). Based on individual rs contributions (see Figure 2b), the series resistance increase can solely 
be attributed to the deteriorated rear a-Si(i/p+)/ITO/Ag contact. Further analysis revealed that it is the a-Si(i/p+)/ITO 
contact resistance that drastically increased upon RTA (see section 3.2).  
Conversely, with ELA, no significant degradation was found while adhesion results were comparable to the ones 
obtained after RTA (adhesion >1.8 N/mm with values being limited by Si chipping in both cases). This shows that 
ELA is a “one-side” annealing process, confirming the results presented in [16]. It is important to note that although 
the entire front side surface was irradiated by ELA, the short wavelength response (see Figure 2a) and the Voc values 
were very similar to the ones for cells that did not receive any RTA. This shows that NiSix formation can be 
performed by ELA without significantly damaging the passivation and reflectance properties of the front ARC, as 
already evidenced in [15]. However, very mild parasitic plating was observed in some cells thereby explaining the 
slightly lower average jsc values and slightly higher Rbb values (less metal is plated on fingers which increases finger 
resistance). Parasitic plating was linked to broken pyramid tips (not shown) indicating that ELA is not entirely 
damage free and hence that further optimization of the ELA process is required.  
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  Table 1. Average and standard deviation (3 cells/group) parameters on 15.6x15.6 cm2 n-type Cz-Si solar cells.  
rear 
surface 
rear 
emitter anneal 
jsc Voc FF pFF ŋ rs Rbb Adhesion 
[mA/cm2] [mV] [%] [%] [%] [Ω.cm2] [mΩ] [N/mm] 
textured SHJ no 39.0±0.2 676.0±1.0 77.0±0.3 81.3±0.4 20.3±0.1 0.88±0.05 30±2 - 
textured SHJ RTA 38.2±0.2 669.7±2.1 72.9±1.2 80.0±1.1 18.7±0.4 1.47±0.12 27±2 1.8±0.7 
textured SHJ ELA 38.8±0.0 678.5±2.1 77.1±0.1 80.0±1.1 20.3±0.0 0.96±0.05 38±5 1.8±0.4 
textured SHJ ELA 39.0 675.1 76.5 - 20.1*    
polished SHJ ELA 38.3±0.1 680±2 73.6±0.6 82.9±0.2 19.2±0.2 1.88±0.17 35±8 2.0±0.6 
polished [10] diffused RTA 37.9±0.4 674±2 80.1±0.7 82.7±0.3 20.4±0.1 0.5±0.1 - - 
polished [10] diffused RTA 38.4 676 79.2 82.6 20.5* 0.6 - - 
       * Externally confirmed at FhG-ISE CalLab. 
 
Hybrid SHJ solar cells with a polished rear surface and NiSix formation by ELA were limited to values for FF 
around 73.6% and jsc around 38.3 mA/cm2. Interestingly, pFF and rs were respectively ~2.9%abs. and ~0.6 Ω.cm2 
higher for these cells than for cells featuring a textured rear side. Since front side rs contributions were found to be 
identical for both types of cells (not shown), this effect is most likely the result of thicker a-Si(i/p+) layers for the 
polished samples since this was shown to negatively affect series resistance [6]. Thicker a-Si(i/p+) layers would also 
better withstand sputtering damage during ITO/Ag depositions which could also explain the higher pFF values [19]. 
This finding highlights the fact that further optimization of a-Si(i/p+) thicknesses is required to maximize both pFF 
and rs without compromising Voc. As for the lower jsc values, we attribute them to both sub-optimum SiNx ARC 
thicknesses causing higher reflection in the blue (see Figure 2a) and to the thinner substrates after polishing.  
 
 
Fig. 2. (a) External quantum efficiency (EQE) and reflectance curves (4 cm2 spot size) for various hybrid SHJ cells; (b) Calculated series 
resistance contributions for various hybrid SHJ cells as well as for rear emitter n-PERT cells (taken from [12]). 
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Fig. 3. (a) Dark saturation current density contributions for a hybrid SHJ cell and for the best rear emitter n-PERT cell given in Table 1, the insert 
shows a calibrated QSSPC-PL effective lifetime map at 1x1015 cm-3 after thermal oxidation (~300 μs in wafer center); (b) Internal quantum 
efficiency (IQE) and reflectance curves for various SHJ cells and for the best rear emitter n-PERT cell given in Table 1. 
It is also interesting to compare hybrid SHJ cells to conventional rear emitter n-PERT cells since both devices 
feature a nearly identical front side design (see Figure 1). As seen in Table 1, FF values around 80% were obtained 
with n-PERT cells owing to high pFF and low rs values. This supports the fact that hybrid SHJ cells are currently 
limited by FF losses at the rear side and that further work is required to bring the rear side rs contribution of these 
cells below 0.1 Ω.cm2 as in n-PERT cells (see Figure 2b). Dedicated test wafers revealed that whereas emitter dark 
saturation current densities were excellent for the SHJ rear emitter (j0e,rear<10 fA/cm2 for polished or textured 
surfaces), recombination at the FSF passivated areas was higher than expected due to a processing issue during FSF 
formation. This resulted not only in a j0,FSF,pass ~70 fA/cm2 in the center of the test wafers, as opposed to j0,FSF, pass~40-
50 fA/cm2 routinely obtained with the same FSF profile, but also in a region around the wafer edges with lower 
effective lifetime (see insert in Figure 3a). By laser downsizing finished devices to 156 cm2, Voc as high as 682 mV 
were measured on hybrid SHJ cells with a textured rear side which fits well with the total j01 of ~135 fA/cm2 
extracted from test wafers. Despite a moderate j0,FSF,pass, the total j0,FSF in hybrid SHJ cells was comparable to the one 
in n-PERT cells because of lower recombination under the front side contacts (lower j0,FSF,metal) which we attribute to 
more optimized front laser ablation. As a result, both hybrid SHJ cells and rear n-PERT cells gave similar short 
wavelength internal quantum efficiency (IQE) responses (see Figure 3b). Reproducing j0,FSF,pass of 40 fA/cm2 and 
using floating busbars to further cut down recombination losses under the front metal contacts, we estimate that Voc 
values up to 695 mV could be obtained. Reducing front recombination would also strongly benefit jsc since a large 
portion of photo-generated carriers currently recombine before reaching the rear emitter as evidenced by the poor 
IQE response for wavelengths up to 1000 nm. 
3.2. Test structures results 
Dedicated test structures were fabricated in a second experiment to further understand the changes observed in Rb 
and rs values upon RTA. Cz-Si wafers (3-5 Ω.cm, 180 μm thick) underwent SDR and texturing on both sides. FSF 
formation was skipped to eliminate any effect of FCA in the FSF and a SiNx:H ARC layer was deposited at the front 
side (minimum reflectance at 600 nm). This was followed by a-Si:H(i/p+) and ITO depositions at the rear side that 
were identical to the ones previously used in devices. At this stage, test wafers were divided into two groups. 
The first group of test wafers was used to monitor changes in absorbance (A=1-R-T), determined from reflectance 
(R) and transmittance (T) measurements (PVE300, Bentham, Reading, UK; 4 mm2 spot size), and in ITO sheet 
resistance (Rsh) as a function of RTA temperature. A cross-sectional schematic of these test wafers is shown in 
Figure 4a together with absorbance and ITO Rsh results. From these results, it can be seen that the absorbance of sub 
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Si bandgap photons (λ>1200 nm) drastically increased for RTA temperatures above 150°C. Since this is correlated 
with a drastic reduction in ITO Rsh values, we believe that the ITO free electron density increased during annealing 
since this would lead to higher FCA in the ITO layer [9]. Further characterization, including Hall measurements to 
extract both ITO free electron density and mobility is planned to confirm this hypothesis since both parameters 
impact ITO Rsh values and both can change upon annealing [24], and results will be reported elsewhere. 
 
  
Fig. 4. (a) Absorbance measurements as a function of sintering temperature, the insert shows a cross-sectional schematic of the test wafers used 
for these measurements, measured ITO sheet resistance (Rsh) values are also given; (b) Extracted total vertical series resistance (rs) and ITO/Ag rs 
as a function of sintering temperature, the insert shows a cross-sectional schematic of the test wafers used for vertical rs measurements.  
The second group of test wafers received additional processing to create vertical rs test structures as proposed in 
[25]. At the front side, the ARC layer was stripped using HF vapor and an ohmic contact was created by depositing 
a-Si:H(n+) (PECVD, 150°C deposition temperature) and Ti/Al (e-beam evaporation) layers. At the rear side, Ag was 
deposited on top of ITO by thermal evaporation using a shadow mask to define areas with a blanket Ag layer and 
areas with TLM structures. Finally, wafers were cleaved into several 2x2 cm2 samples and the total vertical rs 
contribution was extracted from dark I-V measurements, performed between the top Ti/Al and the rear Ag blanket 
electrodes, using a 2-diode fitting procedure. In parallel, the ITO/Ag contact resistance was determined from the 
TLM test structures. A schematic of the complete vertical rs structure is shown as insert in Figure 4b together with 
extracted vertical rs values and ITO/Ag contact resistance values. From these values it is seen that the extracted total 
vertical rs values drastically increased for sintering temperatures above 200°C. This can be explained by an increase 
in the series resistance across the a-Si:H(i/p+)/ITO layers since the silicon bulk (not shown), the n+/Ti/Al (not 
shown), and the ITO/Ag rs contribution are comparatively much lower than the total series resistance across the 
temperature range tested. Thus, further optimization of the a-Si(i/p+) and ITO layers is required to reduce the a-
Si:H(i/p+)/ITO rs contribution and hence achieve FF values closer to 80%.  
4. Conclusions 
Self-aligned Ni/Cu plated front contacts were applied to hybrid SHJ solar cells on large area (15.6x15.6 cm2) two 
side textured n-type Cz-Si wafers. Thanks to one side depositions and the absence of patterning steps at the rear side, 
hybrid SHJ cells were shown to benefit from a simpler processing sequence than conventional n-PERT cells 
featuring a diffused rear emitter. Internal backside reflectance and series resistance were found to severely degrade 
for annealing temperatures above 200°C due to changes in the rear a-Si:H(i/p+)/ITO properties. This makes hybrid 
SHJ cells incompatible with RTA temperatures typically required for NiSix formation (250°C<T<450°C). However, 
this potential issue is solved by excimer laser annealing, which was shown to be a suitable alternative to form NiSix 
at the front side without damaging the rear SHJ emitter nor the surrounding front ARC properties. With this process, 
a maximum efficiency of 20.1% (externally confirmed at FhG-ISE CalLab), with jsc=39.0 mA/cm2, Voc=675.1 mV, 
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and FF=76.5% was demonstrated in a first trial without compromising solder tab adhesion results and this despite a 
processing issue during FSF formation limiting Voc values. Based on dedicated test wafers, we estimated that Voc 
values up to 695 mV should be possible with hybrid SHJ cells provided that j0,FSF,pass values of 40 fA/cm2 are 
obtained and floating busbars introduced. Further process optimization should also aim at boosting jsc and FF values 
closer to respectively 40 mA/cm2 and 80% leading to an efficiency potential for large area hybrid SHJ cells well 
above 21%.  
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